A mechanism for regulating voltage-gated channels is presented. The treatment amplifies the effect of the applied membrane potential resulting in a dramatic increase in the channel's voltage dependence. Addition of a large polyvalent anion to the medium bathing a phospholipid bilayer containing the voltage-dependent channel from the mitochondrial outer membrane, VDAC, induced up to a 12-fold increase in the channel's voltage sensitivity. The highest polyvalent anion concentration tested resulted in an e-fold conductance change for a 0.36-mV change in membrane potential. On the low end, a concentration of 2 ,uM resulted in a 50% increase in VDAC voltage dependence. A mechanism based on polyvalent anion accumulation in the access resistance region at the mouth of the pore is consistent with all findings. Perhaps the voltage dependence of voltage-gated channels is amplified in vivo by polyvalent ions. If so, the control of excitable phenomena may be under much finer regulation than that provided by membrane potential alone.
Excitability is a phenomenon important for many physiological processes, including nerve conduction, muscle excitation, hormone release, and egg fertilization. In their investigations into the basis for excitability in the squid giant axon, Hodgkin and Huxley (1) demonstrated the existence of separate voltage-dependent conductances for sodium and potassium ions that were responsible for the generation of action potentials. Subsequently, the planar bilayer and patch-clamp techniques have revealed that voltage-dependent conductances are the result of voltage-gated channels. In these channels, the membrane potential determines the probability of the channel existing in a particular conducting state. The steeper the voltage dependence, the more responsive the cell is to small changes in the membrane potential. The probability of finding the sodium and potassium channels of the squid giant axon in a high conducting state increases e-fold for 4 and 5-6 mV, respectively (1) . Concerning this voltage dependence, Hodgkin and Huxley (1) noted: "One ofthe most striking properties ofthe membrane is the extreme steepness of the relation between ionic conductance and membrane potential." We now report a mechanism that steepens the voltage dependence of the voltage-gated channel of the outer mitochondrial membrane, VDAC. The channel's voltage dependence is increased to values up to an order of magnitude greater than those observed in squid sodium and potassium channels.
VDAC is the major permeability pathway through the outer mitochondrial membrane (2) (3) (4) (5) (6) (7) (8) (9) . Each channel is in a highly conductive (open) state at zero and low membrane potentials but is converted to a low conducting (closed) state at higher (>20 mV) positive or negative potentials (10) . The voltage dependence of VDAC is normally an e-fold change for 5-7 mV (10) (11) (12) , but the addition of the polyvalent anion dextran sulfate increases the voltage dependence to as much as an e-fold change for 0.5 mV.
A model is presented to account for the observed phenomena. It is proposed that significant access resistance at the mouth of VDAC channels results in voltage-dependent accumulation of polyvalent anion at the channel mouth. Electrostatic interactions between a polyvalent ion at the mouth and gating charges on VDAC would result in an augmented probability of channel closure.
EXPERIMENTAL PROCEDURES Materials. Dextran sulfate (8 kDa and 500 kDa) and polyaspartic acid (15 kDa) were obtained from Sigma. Dextran sulfate (8 kDa) was further purified by gel filtration through a Sephadex G-25 column, lyophilized, and stored (desiccated) at room temperature. Cultures of a wall-less mutant of Neurospora crassa (FGSC 326) were grown as described (13) except the Nelson's medium B was supplemented with 2% (wt/vol) mannitol (Sigma)/0.75% (wt/vol) Bacto nutrient broth/0.75% (wt/vol) Bacto yeast extract (Difco).
VDAC Isolation. Mitochondrial outer membranes were isolated essentially as described by Mannella (13) , supplemented with dimethyl sulfoxide to 15% (vol/vol), and stored at -70'C. Prior to experimentation, Triton X-100 [final concentration 1% (vol/vol)] was added to an aliquot and allowed to stand at room temperature for at least 30 min.
Generation of Planar Lipid Bilayers. Planar phospholipid membranes were generated by the monolayer method of Montal and Mueller (14) as described (10), using soybean phospholipids (purified as described in ref. 15) . A Saran partition separated two compartments (labeled cis and trans), each containing 1 M LiCl and 5 mM CaCl2. Triton X-100-solubilized outer membranes (3-5 ,1) were added to the cis side of the membrane (while stirring) and VDAC was inserted spontaneously. Channel insertion could be halted by the addition of 30-50 ,ul of a sonicated 1% (wt/vol) dispersion of soybean phospholipid in water.
Analysis of Voltage Dependence of VDAC. The analysis of the voltage-dependent properties of VDAC follows a modification of described procedures (10, 16) . A symmetrical 4-mHz triangular voltage wave (from ± 10 to +75 mV depending on the experiment) was applied to a VDACcontaining membrane, and the resulting current was recorded. The recordings were digitized and converted to conductance values. Only that part of the wave during which the electric field was decreasing with time was used for subsequent analysis.
Assuming a two-state process, the conductance-voltage curves were fitted to the Boltzmann distribution as follows:
ln (G -Gmin/Gmax -G) = (-nFV + nFVO)/RT. [1] G, Gmax, and Gmin are the conductance at any voltage V, the maximum conductance (all channels open), and the minimum conductance (all channels closed), respectively. F, R, and T are the Faraday constant, the gas constant, and the absolute temperature, respectively. VO is the voltage at which one-half of the channels are closed, and n is a measure ofthe steepness of the voltage dependence. (G -Gmin/Gmax -G) is equal to 4896 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
the ratio of the number of open to the number of closed channels. Plots of ln(G -Gmin/Gmax -G) vs. V yielded n and VO.
RESULTS
Effect of Dextran Sulfate on Voltage Dependence of VDAC. Channels were inserted into a planar phospholipid membrane bathed on both sides by 1 M LiCl/5 mM CaCl2. Steps of voltage were applied to the membrane and ion permeability was monitored by measuring the current flow through the membrane. If the channels in the membrane were voltage independent, the current would increase linearly with voltage. In the case of VDAC, however, if the applied voltage is large enough, the current decreases with time as channels close. In the control recordings ( Fig. 1) , channel closure began at 10 mV applied potential but was not clearly evident until 15-20 mV were applied. By contrast, in the presence of 25 mM dextran sulfate (8 kDa), channel closure was evident and complete at 3 mV applied potential. Higher membrane potentials further increased the rate of closure (similarly with negative voltages). Thus, dextran sulfate dramatically increased the probability of VDAC closing, so that the channels closed completely at transmembrane voltages at which they would normally have been open.
The amplification of the voltage dependence of VDAC is a function of dextrarn sulfate concentration in the medium. This is illustrated in Fig. 2 by the conductance-voltage relationships. In the absence of dextran sulfate, the probability of finding VDAC in the open state decreased by a factor of e for every 6.3-mV increase in transmembrane potential. As The voltage-dependent energy component is nFV. Dextran sulfate increases the voltage dependence of VDAC by increasing the parameter n (Fig. 3) . It produces a parallel decrease in VO so that nFVO remains essentially constant. The results are consistent with the conclusion that dextran sulfate simply alters the voltage dependence of VDAC without changing the total energy needed to close the channels (i.e., the conformational energy at V = 0 
DISCUSSION
Theory. These observations have suggested a model for the effect of dextran sulfate. For a highly conductive channel like VDAC, a major impediment to ion flow through its pore may be the rate at which ions diffuse from the bulk phase to the mouth of the pore (17, 18) . If access were a limiting step, flow through the channel in response to an applied potential would result in depletion of anions at one end of the channel and their accumulation at the other (conversely for cations Fig. 4 (Inset) .
Quantitation. In the absence of dextran sulfate, the probability of a channel being in the open or closed state is a function of the balance between the intrinsic conformational energy and the energy provided by an applied potential:
where r is the fraction of the potential falling in the bulk phase; (1 - RT ln(closed/open) = nF(1 -2r)V -AG + mPd, [3] where Pd is the probability of finding a dextran sulfate where D is the dextran sulfate concentration in the bulk phase, i is the power dependence of the dextran sulfate concentration, z is the valence of dextran sulfate (=50), and K is the effective concentration of dextran sulfate at the mouth when Pd is equal to 1. Fig. 4 shows the fit between open probabilities obtained experimentally in the presence of dextran sulfate and those predicted by Eq. 3. Allowing m, r, i, and K to vary within reasonable ranges, lines were fitted to *Since dextran sulfate (8 kDa) is too large to enter VDAC's pore (19) and could be expected to fully occupy the space immediately adjacent to the channel mouth, it is more appropriate to use this probability than the dextran sulfate concentration next to the membrane when considering the extent of the electrostatic effects of dextran sulfate on the gating behavior of individual channels. This results in a function that saturates when the probability is 1. The dextran sulfate concentration profile of Fig. 4 (Inset) is equally representative of this probability. Predictions. This model makes several predictions, some of which have been tested. Only those tests whose results are complete are presented.
The theory stipulates that the effect on the voltage dependence of VDAC is not dependent on a specific binding interaction between VDAC and dextran sulfate. Rather, it is the polyanionic nature of the molecule that is important for increasing the voltage dependence of the channel. Similar results should be obtained with other polyvalent anions. This is the case. Table 1 shows that 67 ,M polyaspartic acid increased the voltage dependence of VDAC -6-fold while VO decreased. This is comparable to the results obtained using 62 AM dextran sulfate.
Second, in accordance with the Boltzmann relation, the extent to which a polyvalent anion partitions into the local positive region near the channel's mouth depends on its charge. Consequently, the greater the charge on the ion, the larger should be the apparent increase in the voltage dependence of VDAC. Indeed, 67 ,uM polyaspartic acid (15 kDa) steepens the voltage dependence of VDAC to a significantly greater extent than 62 ,uM dextran sulfate (8 kDa). Assuming 90% dissociation at pH 7.0 (20) , polyaspartic acid has a valence of 115, while that of dextran sulfate is only 50. Dextran sulfate (500 kDa) also caused a much greater steepening in voltage sensitivity of VDAC than a similar concentration of dextran sulfate (8 kDa) (see Table 1 ).
Third, the local positive region into which polyvalent ions partition is due to anion depletion at the negative potential end ofthe channel. Therefore, polyvalent anions should increase the voltage dependence of VDAC only when present on the negative side of the membrane. Fig. 5 shows the results of a representative experiment in which dextran sulfate (125 A.M) was added to one side (the cis side) of a VDAC-containing membrane. When this side was made negative (which should result in dextran sulfate accumulation at the mouth ofthe pore), VDAC exhibited ultrasteep voltage dependence. The channels showed a tendency to close at -2.6 mV and closed completely at -4.6 mV. Positive voltages of similar magnitudes applied to the cis side (which should result in dextran sulfate depletion) produced no closure. This observation is consistent with the proposed model.
The model presented here correlates with the finding that positive charges, probably lysine e-amino groups, are responsible for gating in VDAC (11, 12, 21) . A polyvalent anion, accumulating near the channel mouth in a voltage-dependent manner, could induce closure via electrostatic interactions with the gating charges. Once closed, the channel would be stabilized in that state by the proximity of the polyvalent anion (recall that closed VDAC channels still conduct ions but at a slower rate, so that the access problem may still exist). These findings are also consistent with a recent report that, in the closed state of the channel, VDAC's gating charges are more accessible to the negative side of the membrane (21) . This is the same side of the membrane where the polyvalent anions are effective.
These results represent a unique way to control voltage-gated channels. Channels could be opened and excitable phenomena initiated by altering the effective concentration of a polyvalent ion. This could occur as a result of protein phosphorylation, the release of Ca2", which could bind to and reduce the charge on a polyvalent anion, pH changes, etc. Whether this phenomenon (22) . The small amount of anion necessary to induce a shift in voltage dependence is biologically feasible. As little as 6.25 kkM dextran sulfate increased the voltage sensitivity of VDAC 3-fold. The transmembrane voltage needed to accumulate polyvalent anions at the channel mouth need not be large and could be generated by a Donnan potential.
The effects of polyvalent (di-and trivalent) metal ions on Na' and K+ channels have been described (23, 24) . However, unlike the effect we describe, those effects did not result in an increase in the steepness of the voltage dependence and were consistent with alterations in the membrane surface potential. We encourage others to look for similar effects in other voltage-gated channels.
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